Introduction
In the animal kingdom, different body plans with multiple axes were established during the course of evolution. Understanding of the precise molecular changes leading to the evolution of the primary anteriorposterior (A-P) axis remains elusive. Perturbation of Hox genes resulted in morphological changes along the A-P axis in Drosophila melanogaster, indicating their crucial role in the development of A-P axis (Lewis, 1978) . In addition, Hox genes are organized as a cluster in genome and express collinearly along the A-P axis during development in many Bilaterians (Pearson et al., 2005) . In Bilateria, Hox genes can be classified into four monophyletic groups, viz., anterior, group 3, central and posterior according to phylogenetic affinities, location in cluster and their expression along the body axis (Garcia-Fernàndez, 2005) . Based on the collinear expression, clustered organization and complexity of the clusters it was hypothesized that Hox genes are crucial for evolution of A-P axis and complexity of body plans along the axis (Slack et al., 1993) . Further, evidences from various Bilaterian model organisms led to proposal of existence of a "Hox code" determining the axial patterning of individual model system (Slack et al., 1993) .
To understand the basic Hox code involved in primary body axis determination, multiple studies focused on the identification of the origin of Hox genes and their cluster. To address this question, animals with simple body plan but with definitive body axis were studied. At the base of the animal phyla, Cnidaria and Ctenophora exhibit primary body axis with terminal delimitation. This property rendered representative members of these phyla to take a position as the 'Rosetta Stone' of Hox code. Investigations in members of Cnidarians resulted in identification of anterior Hox and ParaHox homologues. Presence of central and posterior Hox/ParaHox genes in Cnidaria is still not clear (Chiori et al., 2009; Ryan et al., 2006) . Though the occurrence of Cnidarian Hox genes in clusters have been reported in Nematostella vectensis and Acropora digitifera, they are not comparable to Bilaterian Hox clusters (Chourrout et al., 2006; DuBuc et al., 2012) . The presence of primitive Bilaterian Hox code has been proposed based on the expression of anthox6 (Hox1 homologue) and anthox1 Hox-like genes in Nematostella at anterior and posterior termini of body axis (Ryan et al., 2007) . However, studies from other Cnidarian members have shown contradictory expression patterns of their Nematostella homologues (Chiori et al., 2009; Kamm et al., 2006; Yanze et al., 2001 ). Owing to the lack of robust statistical support to relate all Cnidarian Hox-like genes to Bilaterian Hox groups and absence of true Hox cluster, it is difficult to understand the nature of Hox-like genes in Cnidaria. The study of expression dynamics of Cnidarian Hox complement during development and pattern formation would provide new insights towards their function(s).
As members of Cnidaria exhibit diverse life cycles with morphologically divergent stages, it is important to cover the expression studies from representative stages of different group of animals. Until now the comprehensive expression studies were limited to few model systems like Nematostella, Clytia and Eluetheria. Study by Chourrout et al. demonstrated the presence of eight Hox-like genes in Hydra magnipapillata genome (Chourrout et al., 2006) . However, information pertaining to the expression pattern is available for only three genes (Gauchat et al., 2000) leaving questions about the existence and role of remaining genes in hydra.
Evolution of the regulatory mechanisms of Hox-like genes during axial patterning of animal development is another aspect being actively investigated. Canonical Wnt signaling pathway has been shown to be a hallmark of metazoa (Holstein, 2012) . Nuclear localization of betacatenin upon activation of canonical Wnt signaling has been shown to regulate polarity of the body axis during early embryonic development in many metazoans (Petersen and Reddien, 2009 ). These observations suggest the involvement of Wnt signaling in regulation of body axis patterning genes. Further, multiple lines of evidences indicate the role of Wnt signaling in regulation of Cdx and Hox1 in bilaterian model organisms (Isaacs et al., 1998; Kolm and Sive, 1995; Streit et al., 2002) . However, when and how the foundation of the cross talk between Wnt signaling pathway and Hox gene regulation was laid has remained largely unclear. Studies in basal metazoan phyla can provide insights into the evolution of the regulatory connection between canonical Wnt signaling and Hox genes.
Here, we show the existence of three new Hox-like genes specific to phylum Cnidaria. Phylogenetic analysis of genes identified in Hydra vulgaris Ind-Pune transcriptome and other reported genes from other Hydra species enabled us to create non-redundant repertoire of Hoxlike genes in the Hydra genus. Subsequent comparisons with Cnidarian and Bilaterian Hox-like genes indicates Cnidarian specific expansion of a few Hox-like genes. Comparative analysis of expression patterns of Hydra homologues indicates absence of collinear expression of Hox-like genes determining primary body axis in Hydra. Interestingly, variation of expression patterns of Hox homologues within the phylum Cnidaria suggests differential usage of these genes for attaining the morphological diversity characteristically observed in this phylum. Additionally, regulation of the Hydra Hox1 homologue by canonical Wnt signaling and its expression during early stages of head regeneration suggests an important role in oral fate determination.
Results

Phylogenetic analysis of Hox-like genes in Hydra species
Transcriptome-wide search for Homeobox containing genes in H. vulgaris Ind-Pune transcriptome database generated in-house resulted in identification of 59 family members (data not shown). Initial phylogenetic analysis revealed 17 transcripts showing similarity to Bilaterian ANTP class of Homeobox genes. Among these, 6 genes exhibited phylogenetic affinities with Hox-like (Hox, paraHox and extendedHox) genes. Previous genome-wide search in H. magnipapillata predicted presence of 8 Hox-like genes (Chourrout et al., 2006) . In the present analysis, we could identify existence of 6 of these genes in the transcriptome and successfully confirmed the presence of 5 of them by PCR-based methods. The PCR products were cloned and the nucleotide sequences of these genes were confirmed and deposited in NCBI Genbank (accession numbers KR063223 to KR063227). Studies from different groups using three Hydra species have shown the presence of 4 Hox-like genes and they were given tentative names in respective studies (Gauchat et al., 2000; Naito et al., 1993; Schummer et al., 1992) . To avoid confusion and redundancy in the nomenclature of Hox-like homologues in Hydra, phylogenetic affinities among the genes previously reported/predicted and found in our bioinformatic analyses were calculated (Fig. 1) . Such analysis indicated the existence of 9 different Hox-like genes in members of Hydra genus. Further, a monophyletic group with three distinct clades comprising HmHoxC1, HmHoxC2 and HmHoxC3 genes predicted from an earlier study was observed with strong statistical support. Genes identified in current study, namely Fig. 1 . Phylogeny of Hox-like genes identified in various species of Hydra. Unrooted phylogenetic tree was constructed using maximum-likelihood method and bootstrap values calculated by ML and NJ (ML/NJ) methods are displayed on branches. Genes identified in current screen are indicated in red font. Hm -Hydra magnipapillata; Hvul -Hydra vulgaris; HVUL -Hydra vulgaris Ind-Pune and Hvir -Hydra viridissima.
CnoxC2_HVUL and CnoxC3 show close relation with HmHoXC2 and HmHoxC3 respectively. Phylogentic characterization involving analysis of the relationships within all Hydra Hox-like genes using maximum likelihood and neighbor-joining methods resulted in unifying their nomenclature for further usage (Table 1) . Additionally, genes identified in current analysis represent 6 members of Hydra Hox-like gene repertoire except HmHoxC1, HmHoxD and reported transcript from Chlorohydra viridissima (Cnox3 Hvir) (Chourrout et al., 2006; Schummer et al., 1992) .
Phylogenetic affinity of Hydra Hox-like genes with Cnidarian homologues
A phylogenetic analysis was performed (Shenk et al., 1993a) to understand the relationship of Hox-like genes identified in this study with the reported members of Cnidaria. Phylum Cnidaria includes Anthozoa, Staurozoa, Cubozoa, Scyphozoa and Hydrozoa (Collins et al., 2006) . Many Hox, ParaHox and extended-Hox homologues have been reported from Anthozoa, Scyphozoa and Hydrozoa (Gauchat et al., 2000; Kuhn et al., 1996 Kuhn et al., , 1999 Ryan et al., 2007) . In this analysis all the six genes from our study and the genes reported/predicted in other studies from Hydra species were included to represent the complement of Hox-like genes of Hydra genus. Phylogenetic analysis classified the Cnidarian Hox-like genes into nine distinct groups (Fig. 2) . Each group consists of more than one representative from distinct Cnidarian species suggesting the authenticity of the classified groups. Members of Nematostella (Anthozoan) are spread in all groups except CnoxA whereas members of Clytia (Hydrozoan) are present in all except in the Hox2 group. Hydra complement of Hox-like genes represents 6 of 9 groups. All 6 members of Hox-like genes identified in current analysis were classified into 5 groups.
Homology of Hydra Hox-like genes with Bilaterian family members
Next, we aimed to understand the homology of Hox-like genes present in Hydra to Bilaterian counterparts. Here, the phylogenetic affinities were calculated for Hox-like sequences from current screen along with the members of Nematostella, Clytia and other representative Bilaterian members (Fig. 3 ). This analysis clearly groups Hox1_HVUL, Gsx_HVUL and Mox_HVUL with Bilaterian Hox1 (Hox family), Gsx (ParaHox family) and Mox (Extended-Hox) respectively. This phylogenetic analysis groups a set of Cnidarian Hox-like genes which does not have clear affinities with any Bilaterian Hox-genes except a weak relation with central and posterior Hox-like genes. These Cnidarian genes form three different clades -CnoxA, CnoxB and CnoxC. Out of the remaining three genes identified in the present work CnoxB_HVUL shows affinity to the CnoxB clade while CnoxC2_HVUL and CnoxC3_HVUL show affinity to the CnoxC clade. Additionally, a set of Nematostella Hox-like homologues (Anthox6a, Anthox7, Anthox8 and Anthox8b) group with Hox2 Bilaterian genes and no other Cnidarian possesses any representative member of this class.
Expression pattern of Hox-like genes in Hydra
Phylogenetic analysis clearly indicated that the Hox1_HVUL is homologous to Bilaterian Hox1 gene (Fig. 3) . To ascertain the existence of this gene and to characterize its expression pattern we performed in situ hybridization in H. vulgaris Ind-Pune. Whole mount in situ hybridization analysis revealed strong expression of Hox1_HVUL transcripts surrounding the base of tentacles with continued expression gradually decreasing towards the gastric region and is completely absent from basal disk (Fig. 4A ). The expression is predominant in ectoderm. Hox1_HVUL also shows high level of expression in endoderm at the base of the tentacles. It is interesting to note that during the process of budding this gene is expressed initially at low level at the tip of very early stage bud ( Fig. 4B ) and its expression gradually increases at the base of tentacle zone as the bud grows in length ( Fig. 4C-E) . In hydra, Wnt signaling plays a crucial role in head organizer activity (Hobmayer et al., 2000) . Wnt signaling was activated by inhibiting GSK3-β using Alsterpaullone and expression dynamics of Hox1_HVUL during head formation was monitored. Higher expression of Hox1_HVUL was observed with distinct circular pattern at presumptive tentacle forming regions all along the body column except in the basal disk relative to DMSO treated animals ( Fig. 4F, G) . Further, expression analysis of Hox1_HVUL during head regeneration was carried out. Higher expression is observed in the endoderm of regenerating tip at 2 hpa (hours post amputation) and in later stages gradually reduced expression was observed leading to establishment of its expression equivalent to the adult polyp (Fig. 4I-L) .
Expression of CnoxB_HVUL, a Cnidarian specific Hox-like, gene is restricted to the endoderm and is higher at the base of the tentacles. The expression of CnoxB_HVUL extends until the budding zone, however, at relatively low levels (Fig. 5A) . Expression of CnoxB_HVUL was detected at early stages of bud development (Fig. 5B) , which dramatically increases in later stages of buds without tentacles (Fig. 5C, D) and finally the mature bud exhibited expression pattern similar to adult polyp (Fig. 5E ).
Another Hox-like gene found in the current survey, CnoxC3_HVUL shows higher endodermal expression at the base of tentacles and relatively low level in the mid gastric region (Fig. 5F ). During budding, expression of this gene starts at a very early stage (Fig. 5G ) and concentrated spots of expression were observed at regions which would presumably give rise to tentacles (Fig. 5H) . This is further supported by the strong expression of CnoxC3_HVUL in early tentacle buds (Fig. 5I) . Additionally, transient expression of CnoxC3_HVUL was also detected at the base of mature bud before it detaches from parent polyp (Fig. 5J) . Table 1 Unified and comparative nomenclature of Hydra Hox-like genes. All are reported. Hox-like genes from different species of Hydra were collected, classified based on their phylogenetic affinities and a generic name was given for each group.
Species
H. vulgaris Ind-Pune (current work)
H. vulgaris (Gauchat et al., 2000; Shenk et al., 1993b) H. magnipapillata (Chourrout et al., 2006; Naito et al., 1993; Shenk et al., 1993a) H. virdissima (Schummer et al., 1992 ) Generic Name
Previous studies have reported the presence of an orthologue of Mox (Extended-Hox member) in Hydra, however, the expression pattern of this gene was not clear. In current study, expression of this gene was found to be endodermal. High expression of Mox_HVUL was seen at the base of tentacles and continued till the gastric region with a sharp decline from budding zone to basal disk (Fig. 6A) . During bud development, expression of Mox_HVUL was restricted to the oral end of the early stage buds (Fig. 6B, C) . However, in mature polyps Mox_HVUL was expressed all over the gastric region (Fig. 6D, E) . Since the gastric region of Hydra consists of highly proliferative cell population, BrdU labeling was carried out to monitor the correlation of expression pattern of Mox_HVUL. Here, we clearly observed that the BrdU labeled cells occur in both germ layers and restricted to the central region leaving one third region from both ends of the polyp (Fig. S1) . Whereas Mox_HVUL expression, unlike the BrdU labeled cells, is absent in ectoderm and is observed in upper one third region excluding tentacles and hypostome. Longitudinal cryosections of polyps in which Mox_HVUL in situ hybridization was performed confirmed its exclusive endodermal expression and revealed that Mox_HVUL expression occurs predominantly in glandular cells (Figs. 6F, S2) . Along with these, few spherical cells also showed intense expression (Fig. S2) . Further, the cryosections revealed lack of any expression in muscular epithelial cells, basal disk and tentacles (Fig. 6F-H) .
Homologue of Gsx anterior paraHox gene in Hydra, Gsx_HVUL, is expressed in clusters of ectodermal cells throughout the body column and exhibits low level of endodermal expression as revealed by faint staining in the sub-hypostomal region (Fig. 6I) . During bud development, low level endodermal expression is observed at tip of the buds even before the emergence of tentacles (Fig. 6J-M) . Collectively, these series of in situ expression analyses reveal gene-specific expression patterns of the entire repertoire of Hox-like genes in Hydra.
Discussion
Diversity of Cnidarian Hox repertoire
Multiple studies have been conducted for identification of Hox homologues in various Hydra species. Initial studies using degenerate PCR methods in H. vulgaris, H. magnipapillata and H. viridissima (Chlorohydra viridissima) identified five Hox-like genes (Chourrout et al., 2006; Gauchat et al., 2000; Naito et al., 1993; Schummer et al., 1992; Shenk et al., 1993a Shenk et al., , 1993b . Another screen using H. magnipapillata genome predicted presence of eight Hox-like gene coding regions but existence of these genes have not been shown at the transcript level (Chourrout et al., 2006) . Phylogenetic analysis of Hox homologues identified in present study and all Hydra species resulted in their classification into nine distinct groups. Further comparisons with other Cnidarian counterparts indicated that Hydra hox-like homologues show similarities with six of the nine Hox-like groups found in Cnidaria, suggesting that Eve, Cdx and Anthox 6-8 were probably lost during the divergence of Hydra form other Cnidarians (Chapman et al., 2010; Chourrout et al., 2006 ) (Summarized in Fig. 7 ). Phylogenetic analyses with representative Bilaterian and Cnidarian genes closely related to the Hox family confirmed the presence of Hox1, Gsx and Mox genes in Hydra and other Cnidarians, suggesting the evolution of these family members before the divergence of Cnidaria-Bilateria. Three distinct Fig. 2 . Phylogeny of Hox-like genes from Cnidaria. Phylogenetic tree was constructed using maximum-likelihood method and bootstrap values calculated by ML and NJ (ML/NJ) methods are displayed on the branches. Distinct groups are highlighted in different colors and the key is displayed at top right corner with group names. Hox-like gene complement from Hydra is represented in red font. Encircled genes are identified in the current study. Hmag -Hydra magnipapillata; HVUL -Hydra vulgaris Ind-Pune; Hvir -Hydra viridissima; CLHE -Clytia hemisphaerica; NEMVE -Nematostella vectensis; ED -Eleutheria dichotoma; PC -Podocoryne carnae and CAX -Cassiopeia xamachana. Fig. 3 . Phylogeny of Hox-like genes from represented animal phyla. Phylogenetic tree was constructed using maximum-likelihood method and bootstrap values calculated by ML methods are displayed as branch colors in a gradient from green to red [Green b Yellow b Red (30%-100%): Increasing branch support value]. Distinct groups are highlighted in different colors and key is displayed at the right with group names. Hox-like gene complement from Hydra is represented in red font. Encircled genes were identified in this study. Hmag -Hydra magnipapillata; HVUL -Hydra vulgaris Ind-Pune; Hvir -Hydra viridissima; CLHE -Clytia hemisphaerica; NEMVE -Nematostella vectensis; BRFL -Branchiostoma floridae; DROMEDrosophila melanogaster and HUMAN -Homo sapiens.
Fig. 4. Expression dynamics of Hox1_HVUL in Hydra vulgaris
Ind-Pune. Whole mount in situ hybridization was performed using DIG-labeled anti-sense riboprobes for detecting candidate gene expression in Hydra. Role of Hox1_HVUL in head formation was studied by activation of Wnt signaling using Alsterpaullone treatment and during the regeneration of head. Labeled sense probe was used as negative control. Whole polyps showing expression of Hox1_HVUL. A -Expression of Hox1_HVUL in whole polyp; B to E -Expression during different stages of budding; F -Expression pattern of Hox1_HVUL in DMSO control treated polyp; G -Expression of Hox1_HVUL upon ALP treatment; H to I -Expression during regeneration of head at various time-points (arrow heads point to the zone of expression of Hox1_HVUL during the process of regeneration); a′ -Polyp probed with sense strand of the gene as a negative control. b -Basal disk; ec -ctoderm; en -endoderm; p -peduncle; t -tentacles. Scale bar represents 100 μm. group members were found in classification of Cnidaria Hox-like compliment (CnoxA-C) with no significant affinity to any Bilaterian members. Absence of comparable homologues of CnoxA-C in other basal metazoans and Bilaterians suggest that Cnidarians evolved with specific set of Hox-like genes. This classification is in concordance with previous reports except that these groups have been related to posterior Hox-like genes (Chiori et al., 2009) . The current phylogenetic analysis with repertoire of Hydra Hox-like homologues suggests that Cnox3 from H. viridissima is an additional member of the Hox1 group, indicating that Hox1 duplicated and further diverged in H. viridissima. Additionally, the present study resulted in the isolation of CnoxB_HVUL representing Cnidarian specific Group-B and CnoxC3_HVUL and CnoxC2_HVUL belonging to Group-C. Anthox1 and Anthox1a from Nematostella show weak, but statistically insignificant affinity with CnoxB and CnoxC groups and no representative member of CnoxA could be identified. Collectively, these findings indicated that Cnidarian specific Hox-like genes either further diverged in Medusozoa resulting in CnoxA group or that the comparable members were lost in Anthozoa.
Bilaterian homologues of Hox-like genes
Expression of Hox1 homologue in Hydra suggests its possible role in the determination of cells giving rise to tentacles and their maintenance in adult polyp. This hypothesis is reinforced by the elevated expression pattern of Hox1_HVUL throughout the body column in future tentacle forming regions upon activation of Wnt signaling, which gives rise to tentacles all over the body column turning the whole polyp into head. This observation also suggests direct or indirect regulation of Hox1_HVUL by Wnt signaling in hydra. Strong endodermal expression of Hox1_HVUL within 2 h of amputation indicates an additional role for this gene during early regenerative process. The expression pattern of Hox1_HVUL in later stages of regeneration ascertain the involvement in establishing the position of tentacle emergence. Among Hydrozoans, expression of Hox1 gene in the planula stage has been reported to be on aboral side in both ectoderm and endoderm in Podocoryne, in ectoderm in Eleutheria and was absent in Clytia (Chiori et al., 2009; Kamm et al., 2006; Yanze et al., 2001) . The same gene has been shown to be expressed in striated muscle cells and sensory cells of statocysts in Podocoryne and Clytia respectively, with no expression during the same developmental stage of Eleutheria. In contrast, polyp stage of Eleutheria revealed Hox1 expression on oral and aboral sides in both the germ layers (Chiori et al., 2009; Kamm et al., 2006; Yanze et al., 2001) (Fig. 7) . In Nematostella (Anthozoa), Hox1 expression has been shown to occur in pharyngeal endoderm of planula stage and mesentries of polyp stage (Ryan et al., 2006) . The Bilaterian counterpart of Hox1 expression has been reported in anterior neurectoderm fate determination (Diederich et al., 1989; Puschel et al., 1990) . No such similarity was found either in this study (in Hydra) or in other studies involving Cnidarians. Variation in expression of Hox1 also suggests that in Cnidaria, Hox1 gene was differentially employed at various developmental stages in many of the organisms, presumably resulting in the observed morphological diversity (Fig. 7) . In Hydra, Mox gene expression is observed during bud development and in gastric region. Mox_HVUL is predominantly expressed in the glandular cells of the endoderm and not in muscular epithelial cells indicating a completely different function of Mox_HVUL in Hydra as compared to Bialteria., The expression of Mox_HVUL in unidentified spherical cells within the endodermal epithelia needs to be investigated further. In Clytia there is no expression in polyp stage and in Nematostella it is restricted to pharyngeal endoderm indicating inconsistent expression within Cnidaria (Chiori et al., 2009; Ryan et al., 2007) . Bilaterian counterpart of Mox plays a key role in myogenesis and mesodermal patterning (Candia et al., 1992; Mankoo et al., 2003) . The expression pattern of another Bilaterian homologue Gsx suggests its possible role in cnidoblast cell differentiation and bud development. This is in compliance with previous studies where it has been shown that cells expressing Gsx play a role in neurogenesis and nematogenesis in Hydra (Gauchat et al., 2000; Miljkovic-Licina et al., 2007) . Similar function of Gsx in Fig. 6 . Expression pattern of Mox_HVUL and Gsx_HVUL in Hydra vulgaris Ind-Pune. A -Expression of Mox_HVUL in whole polyp; B to E -Expression of Mox_HVUL during different stages of budding depicted from early to late stages; F -Longitudinal section of body column of the polyp on which whole mount ISH has been performed showing expression of Mox_HVUL in gland cells of the gastric region; G -Longitudinal section of the basal disk of the polyp on which whole mount in situ hybridization has been performed; H -Longitudinal section of the tentacle of the polyp on which whole mount ISH has been performed devoid of Mox_HVUL expression; I -Expression of Gsx_HVUL in whole polyp; J to M -Expression of Gsx_HVUL during different stages of budding from early to late stages.br -battery cell; ec -etoderm; en -endoderm; gd -gland cell; me -mesoglea; ms-muscle cell; nc -nematocyte. Scale bar represents 100 μm.
neurogenesis has been reported in Bilaterian animals (Winterbottom et al., 2010) .
Cnidarian specific Hox-like genes
In Hydra, CnoxB_HVUL is expressed during early stages of budding and increases until the formation of tentacles which is later seen from the oral end of the polyp to the budding zone. Expression of its homologous gene is seen in unfertilized eggs followed by expression limited to oral side of the planula stage of Clytia and Podocoryne. In Podocoryne expression of this gene is not observed after 24 h of planula stage and in the polyp stage (expression in medusa is unknown). Whereas in Clytia expression is seen in maturing oocytes present in medusa stage (Chiori et al., 2009; Yanze et al., 2001 ). This suggests that the deposition of CnoxB group Cnidarian Hox gene takes place in maturing oocyte and later determines the fate of the oral side of the organism. Absence of expression of CnoxB in polyp stages of Podocoryne indicates the molecular differences involved in the patterning of Hydra polyp relative to other Cnidarians. Further studies in polyp stages of Cnidarians will ascertain this observation. Another Cnidarian specific CnoxC group member, CnoxC3_HVUL, appears to be involved in development of budding and tentacles based on its expression dynamics (Fig. 7) . A close member of this gene Anthox1a in Nematostella shows similar expression pattern suggesting a conserved role of this gene (Ryan et al., 2007) . Expression studies in Eleutheria show localization of Hox-like gene of this group in the cnidoblast channel (Kamm et al., 2006) . Expression of Cnox3 (HmHoxC1), another Hydra member of the CnoxC group reported by Gauchat et. al. is seen surrounding the mouth region in punctate manner comparable to Eleutheria counterpart (Gauchat et al., 2000; Kamm et al., 2006) (Fig. 7) . Detailed analysis of cell types expressing these genes in Hydra and Eleutheriais is required for further comments on their function. The phylogenetic and comparative expression analysis from our current study along with previous reports indicate the possibility of presence of more than a one representative member belonging to the CnoxC and their conserved function(s) specific to phylum Cnidaria.
Conclusions
In summary, the present study demonstrates that the repertoire of Hox-like genes in Hydra comprises bilaterian homologues of Hox1, Gsx and Mox. Furthermore, members of group 3, central and posterior genes are absent in Hydra. Comparative phylogeny indicates introduction of Cnidaria specific Hox-like genes after the divergence of Cnidaria and Bilateria. Expression pattern of Hydra Hox-like genes does not comply with Bilaterian Hox Code in determining the axis specification. This suggests that ancestral Hox-like genes might have evolved with different functions and later adapted in the developmental program of axis specification in Bilaterians. Expanded Cnidarian specific Hox-like family members do not exhibit a conserved expression pattern within the Phylum, indicating that these genes might play a role in sculpting morphological diversity occurring in Cnidarian members. Regulation of Hox1 by Wnt signaling in oral fate determination lays the foundation of Wnt and Hox crosstalk in basal metazoans.
Materials and methods
Animal culture
Clonal culture of H. vulgaris Ind-Pune was maintained in hydra medium by following standard methods at 18 ± 1°C (Horibata et al., 2004) . Polyps were fed daily with freshly hatched Artemia nauplii larvae and washed 6-8 h after feeding.
Identification of Hox homologues
Transcriptome assembly generated in-house for H. vulgaris Ind-Pune was used for identification of Hox-like genes. The hidden markov model (HMM) of the homeobox domain (PFAM Accession ID -PF00046) was used for scanning the transcriptome data. The HMM search was performed using the hmmsearch tool available in HMMER 3.0 suite using default search parameters (Finn et al., 2011) . Homeodomains identified in this search were compared with all homeobox domains from different animal phyla by constructing preliminary phylogenetic trees. These were then used to classify Hydra Hox-like genes.
Cloning of Hox homologues from hydra
Total RNA was extracted from 48 h starved Hydra and cDNA was synthesized from total RNA using Improm-II reverse transcriptase system (Promega™) according to manufacturer's instructions. Hox genes were amplified by polymerase chain reaction using Pfu DNA polymerase with the following primers: Gsx_HVUL forward: 5′ATGTCT ACTTCGTTTTTAATAGATTCT3′, reverse: 5′TTATTCTGGAGATTGCGGAC TT3′ (Ta = 62°C); CnoxB_HVUL forward: 5′ATGGAAGTTCGAACTGAA TCGTCGACA3′, reverse: 5′TTACGAACACGAAGCATTTAAAGGCAT3′ (Ta = 63°C); CnoxC3_HVUL forward: 5′CCTCGAACATCGTTACCTAATA CATTT3′, reverse: 5′GTCTTTCTGATAAATTTAATTGTTTAGC3′ (Ta = 56°C); Hox1_HVUL forward: 5′ATGTATTCAGTCAGCGGAGATATTACG3′, reverse: 5′TCAGTTCAAAAAGGTATGAAACATCGG3′ (Ta = 56°C); Mox_HVUL forward-5′AGCCGACAATGATGGAAGTC3′, reverse 5′ACCGCT ATTTCATAACGCCG3′ (Ta = 63°C).
The PCR conditions: Initial denaturation at 94°C for 5 min, followed by 30 cycles of denaturation at 94°C for 30 s, annealing at the respective annealing temperatures (Ta) for 45 s and extension at 72°C for 45 s with the final extension 72°C for 5 min. The PCR amplified products were gel eluted using Mini elute kit (Qiagen), followed by A-tailing reaction using KapaTaq enzyme and cloned in pGemT-Easy vector system (Promega™) as per the manufacturer's instructions. The recombinant plasmids were sequenced using sequencing primers and the nucleotide sequences of cloned genes were deposited at NCBI Genbank (Gsx_HVUL-KR063223; CnoxB_HVUL-KR063224; CnoxC3_HVUL-KR063225; Hox1_HVUL-KR063226 and Mox_HVUL-KR063227).
Phylogenetic analysis
Alignments of the selected protein sequences were carried out by MUSCLE (Edgar, 2004) and further refined with Gblocks program (Castresana, 2000) . Parameters for selecting blocks were set to five amino acid residues as minimum length for conserved blocks and positions containing gaps were considered if less than 50% of the sequences had a gap. The resulting alignments were used to construct phylogenetic trees. All trees were computed by maximum likelihood (ML) method using Jones-Taylor-Thornton (JTT) (Jones et al., 1992 ) amino acid substitution model and 1000 bootstraps in PhyML3.0 (Guindon and Gascuel, 2003) . Additionally, Neighbor Joining (NJ) method was used to construct separate trees with 1000 bootstraps using PHYLIP (Felsenstein, 1989) .
Alsterpaullone treatment
24 h starved Hydra polyps were taken and subjected to 5 μM Alsterpaullone in Hydra medium and a pulse of 24 h was given. Polyps were incubated in Hydra medium containing DMSO as a negative control as the Alsterpaullone was dissolved in DMSO. Alsterpaullone was removed after the pulse and this time point is considered as 0 h post treatment. The polyps were incubated in Hydra medium for an additional 24 h after which point they were harvested. The polyps were relaxed for 2 min using 2% urethane and were subsequently fixed with 4% PFA in PBS.
Regeneration assays
Non-budding polyps starved for 24 h were collected and a subhypostomal cut was made. Regenerating polyps were collected 0, 2, 8, 24 and 48 h post amputation and were relaxed or 2 min using 2% urethane and were subsequently fixed with 4% PFA in PBS.
Whole mount in situ hybridization
Digoxigenin-labeled sense and antisense RNA probes were prepared by in vitro transcriptions using recombinant plasmids of target genes (Roche Life Science) and used for in situ hybridization. Whole mount in situ hybridization was performed on the polyps as described by Martinez et al. (1997) with the following changes (Martinez et al., 1997) . The animals were relaxed for 2 min in 2% urethane. Treatment with proteinase-K was performed for an optimum of 15 min and heatinactivation of the endogenous alkaline phosphatases was done at 70°C for 15 min in 1× SSC. Digoxigenin labeled RNA probes at a concentration of 200-600 ng/ml of the probe was used for hybridization at 59°C. The post-hybridization washes were performed using 1 × SSC-HS gradients. After staining with BM-purple AP substrate for 1 h to 1 h 30 min at room temperature, the animals were mounted in 80% glycerol for imaging. Imaging was carried out using 10× DIC objective lens with Ziess Axio Imager Z1.
Cryosectioning
Polyps developed for Whole mount RNA in situ hybridization were used for cryosectioning to see the cellular level localization of the bound probes. The polyps were transferred to 30% Sucrose by serially incubating in 10%, 20% and 30% Sucrose. The polyps were embedded in 15% PVP blocks of 1 cm × 1 cm × 2 cm blocks by cryofreezing the blocks at − 80°C. The blocks were mounted on Mounting Disk using Tissue Freezing Medium (Leica). 25 μm sections of the tissue was made using Leica CM1950 Cyostat. The ensuing sections were taken on glass slides which were either directly mounted or mashed on slide to get smaller pieces and then mounted. The tissues were then imaged using Zeiss ApoTome at 63× or 100× oil immersion.
